Introduction
The utilization of the quantum confinement effect enables to tailor the bandgap in Si nanostructures, which paves the way to implement all-Si tandem solar cells [1] . A double-junction solar cell, which consists of an ideal Si quantum structure absorber and bulk Si with a bandgap of 1.8 eV and 1.12 eV, respectively, theoretically allows for an efficiency of 44 %, which exceeds the ShockleyQueisser limit of 33 % substantially [2] . Approaches to tune the Si bandgap include the variation of the size and the dimensionality of the quantum structures as well as the dielectric matrix the quantum structures are embedded in [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, charge carrier extraction along the directions of confinement is hampered more drastically the stronger the Si quantum structures are confined. This leads to a fundamental conflict between charge carrier transport and quantum confinement. In Si/SiO 2 multiple quantum wells (MQWs) charge carriers are usually extracted perpendicular to the Si/SiO 2 interfaces. As a result, the current through the Si/SiO 2 MQWs is severely limited by tunneling transport [11] . Therefore, we proposed an alternative approach, in which charge carriers are extracted along the non-quantized direction of the Si/SiO 2 MQWs, i.e. parallel to the Si/SiO 2 interfaces [11, 12] . Thereby, the direction of transport is separated from the direction of confinement [11] .
Here, we report on the latest results of laterally contacted Si/SiO 2 MQW solar cells implementing in a lateral pin configuration. The electrical characteristics under illumination of these cells are correlated with the morphology of the Si/SiO 2 MQW structures by employing high-resolution transmission electron microscopy (HRTEM) and Raman spectroscopy.
The two investigated MQW solar cells consist of alternating layers of Si and SiO 2 on quartz substrates. The SiO 2 layer thickness is kept constant at 3 nm in each case, while the Si thickness is 3 nm and 4 nm, respectively. The cumulative Si thickness is 60 nm in both samples. Since the Si layers are amorphous after deposition a subsequent furnace annealing was employed for crystallization. In Fig. 1 the fully processed MQW solar cells are shown. Details of the fabrication process and the employed characterization methods can be found in Ref. [13] . The gain of V OC with decreasing Si layer thickness is comparable to the increase of the effective bandgap [12] , which demonstrates the benefit from the quantum confinement effect. However, the short-circuit current density J SC decreases when the Si QW thickness is reduced (1.6 × 10 -4 mA/cm 2 for the 4 nm MQW device and 3.5 × 10 -5 mA/cm 2 for the 3 nm MQW device). Even when the small absorption volume is taken into account by extrapolating J SC for a MQW structure with a total Si thickness 200 µm, the values of J SC,ex are still rather low compared to a conventional Si solar cell (7.3 × 10 -4 mA/cm 2 for the 4 nm MQW device and 8.5 × 10 -5 mA/cm 2 for the 3 nm MQW device). The linearity of the I-V curves indicates a high series resistance, which leads to fill factor of 20.3 % and 29.3 % for the 4 nm and the 3 nm MQW device, respectively. The conversion efficiency is η = 5 × 10 -6 % for the 4 nm MQW device and η = 2 × 10 -6 % for the 3 nm MWQ device. The extrapolated values are η ex = 3 × 10 -5 % and η ex = 5 × 10 -6 %, respectively. In order to obtain a deeper insight into the limitation of 
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photovoltaic properties the morphology of the structures was analyzed by Raman spectroscopy to estimate the degree of crystallization f of the Si QWs after furnace annealing. For the 4 nm and the 3 nm MQWs f is 33 % and 11 %, respectively.
The results of Raman spectroscopy are complemented by TEM analysis. Fig. 3 exemplarily shows the TEM image of the Si/SiO 2 MWQs with 4 nm thick Si layers. In Fig. 3(a) the highly ordered layer stack with 15 periods of the Si/SiO 2 bilayer is revealed. In the HR-TEM image [ Fig. 3(b) ] Si nanocrystals (NCs) with random orientations can be identified. Since only crystals with the appropriate orientation with respect to the incident electron beam can be observed in the HR-TEM image, the apparently amorphous areas of the Si layer can also contain NCs. Therefore, HR-TEM images do not allow for a determination of the degree of crystallization. Still, the size and shape of the NCs can be extracted from these images. In the vertical direction the size of the NCs is restricted by the as-deposited Si layer thickness. The lateral size of the NCs varies approximately from 4.5 nm to 8.6 nm for the 4 nm layers, and from 3.3 nm to 8.3 nm for the 3 nm layers.
The conductivity as well as the photoconductivity of hydrogenated a-Si thin films containing nanocrystalline Si (nc-Si) inclusions is known to decrease when f is reduced (see Ref. [14] [15] [16] [17] [18] and references therein). The measured conductivities of the MQW cells obtained from the linear I-V curves in the 4th quadrant show the same trend: (4,17 ± 0:81) × 10 -7 (Ω cm) -1 for the 4 nm MQW device (f = 33 %) and (6:15 ± 0:63) × 10 -8 (Ω cm) -1 for the 4 nm MQW device (f = 11 %). We assume that localized states, which originate from the band tails of a-Si, from the dangling bonds at the interfaces and from doping, could serve as the main transport path for the photocurrent. Consequently, the splitting of the quasi Fermi levels can be significantly reduced compared to transport in extended states. This explains the rather low values of V OC .
Conclusions
We investigated the photovoltaic properties of laterally contacted pin Si/SiO 2 MQW solar cells and correlated these properties to the morphology of the Si layers. When the Si layer thickness is reduced from 4 nm to 3 nm, V OC increases by 50 mV which matches the increase of the effective bandgap due to one-dimensional quantum confinement. The series resistance of the Si layers, which is determined by their nanocrystalline structure and incomplete crystallization, is the main limitation of the performance of the MQW solar cells. Hence, by enlarging the size of the crystals and enhancing the crystallinity, the photovoltaic properties of the laterally contacted pin Si/SiO 2 MQW solar cells are expected to be further improved.
